Abstract-An optical waveguide structure, which increases the far field radiation angle two times than that of conventional fiber, is designed and analyzed for the research of optical phased array. The structure improves the scanning scope of the optical fiber phased array effectively through designing the shape and the refractive index profile of the single mode fiber. Far field characteristic of this structure is analyzed using FD-BPM and the Fraunhofer diffraction theory.
Optical phased arrays are direct functional analogs of the well known microwave phased array antennas that make possible the agile, inertialess steering of microwave beams. There are many application areas that can benefit from the performance of optical phased arrays, such as laser radar and Laser communications.
In the previous research of our laboratory, a wavelength controlled optical phased array has been designed [1] , in which different lengths L i of fiber waveguides result in different phases Φ i at the end of the array and the distances d i between two adjacent elements are not equal. Figure 1 shows the scheme of wavelength controlled optical phased array technique. In the optical fiber phased array, the far field intensity can be written in the form I(θ) = S(θ)F (θ), where S(θ) is a structure factor determined by the array configuration, and F (θ) is a factor determined by the properties of single fiber diffractive function. The scanning scope of the optical phased array is determined by F (θ) to a great extent. Therefore, to expand the scanning scope of the array, the far field divergent angle for single fiber has to be increased. In this article, we present a special waveguide structure which widens the far field radiation angle effectively, through tapering standard single mode fiber and increasing the refractive index difference simultaneously.
In Section 2 numerical method FD-BPM is outlined and the diffraction theory for far field calculation is presented. The novel tapered single-mode fiber is numerically and theoretically analyzed and the simulation results are presented in the next section. Finally the general conclusions are drawn.
FD-BPM AND FAR FIELD CALCULATION
There have been already many methods to analyze tapered fiber such as the finite difference timedomain method (FDTD), beam propagation method (BPM) and coupled-mode theory. FDTD is a numerical method [2] , which results in an accurate analysis at the expanse of high consuming of memory of the computer and extensive computational effort. Coupled-mode theory can also be used to describe the propagation characteristics of tapered single-mode fiber, available in the literature [3] , however it is inconvenient to calculate the far field radiation angle. BPM has been successfully used to analyze a wide spectrum of guided-wave structures [4] , and the accuracy and applicability have been studied extensively.
Here we solve the BPM paraxial wave equation by involving numerical technique finite difference approximation (FD-BPM) to analyze the propagation characteristics in the new waveguide structure.
In the presence of the one-dimensional cross-sectional index profile n(x, z) and the paraxial limit, with the assumption of
∂u ∂z , Helmholtz equation can be reduced to the following paraxial wave equation:
which is the basic BPM equation. Here k = k 0 n(x, y, z),k is a constant number to represent the average phase variation of the field φ and is referred to as the reference wave numberk = k 0n . Involving the finite difference method to Equation (1), the numerically discrete equation can be obtained:
Here u n i denote the field at transverse grid point i and longitudinal plane n, and
The transparent boundary condition (TBC) [5] has been used in the FD-BPM computation.
With the electronic field data ψ(r) at the end face of the new structure from FD-BPM calculation, the far field can be obtained through Fraunhofer diffraction theory:
SIMULATION RESULTS
The light energy in cladding P clad is inversely proportional to the normalized frequency V ,
, that is to say, the energy in the core is proportional to V . More energy converges in the core with V as large as possible under the single mode condition. According to the Fraunhofer diffraction theory, the spot for diffraction has to be smaller to acquire a larger far field radiation angle than the standard single-mode fiber. The special structure must have a smaller mode field diameter (MFD) or a smaller radius.
To get a smaller radius, if we just taper the standard single-mode fiber only, the normalized frequency V will be reduced. Along with the mode coupling, more power is transferred to the cladding. Hence, at the end face the MFD becomes larger than that of the standard single-mode fiber on the contrary and far field divergent angle gets smaller. Figures 2(a) and (b) illustrate the electronic field at the near end face and the far field separately. To get smaller MFD, more power should be restrained in the core with the radius diminishing. Since the power energy in the core is proportional to V , the fact that V should be as large as possible has to be warranted under the single mode condition. As it is known V = a 2π λ
√ 2∆, and the background index n 1 stays a constant 1.465 normally. Therefore, to keep V as a constant, ∆ has to be increased as the radius diminishes. Figure 3 illustrates the typical structure we designed (the radius decreases linearly from a 1 to a 0 and ∆ increases quadratically in the tapering area from ∆ to ∆ 1 ). Here a 1 is the diameter at the end face, a 0 is that of the conventional single mode fiber, L 2 is the length of the tapering area and ∆ 1 is the index difference at the end face. The length of tapering area L2 contributes greatly to the far field intensity Full Width Half Maximum (FWHM). As it is showed in Figure 4 , the far field FWHM increases while L2 grows longer and maintains almost stable after L2 reaching 3000 µm. With a 1 fixed at 3 µm, shorter L2 means swift change in the shape, which results in energy transfer from fiber core to the cladding. The mode coupling would lead to expansion of MFD, which is responsible for the less radiation angle and far field FWHM. In the computational simulation, we designed L 2 = 3700 µm, a1 = 3 µm, a0 = 9 µm and ∆ 1 = 9 * ∆. There is little variation of the far field FWHM among different tapering area shapes linear, quadratic and exponential. In this article, the radius decreases linearly in view of the convenience of manufacturing techniques. Figures 5(a) and (b) illustrate the sharp contrast of the near and far field radiation angle between the new waveguide structure and standard single mode fiber respectively. This is a two-dimensional intensity profile, since the fiber is symmetrical. From the figure, it is clear that this novel structure has a much smaller MFD and larger radiation angle. (∆x = 0.1 µm, ∆y = 0.1 µm ∆z = 1 µm, in the FD-BPM simulation) 
SUMMARY AND CONCLUSIONS
The far field intensity of the special structure waveguide we designed has been calculated using the FD-BPM and Fraunhofer diffraction theory. It is found that the far field FWHM of this new structure increases greatly, reaching two times greater than that of the standard single mode fiber. The radiation angle expansion can effectively widen the steering scope of optical phased array. This novel structure has other applications in optical sensing, waveguide coupler, etc.
